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Abstract: Polyvinylidene fluoride (PVDF) is a modern polymer material used in a wide variety of
ways. Thanks to its excellent resistance to chemical or thermal degradation and low reactivity, it finds
use in biology, chemistry, and electronics as well. By enriching the polymer with an easily accessible
and cheap variant of graphite, it is possible to affect the ratio of crystalline phases. A correlation
between the ratios of crystalline phases and different properties, like dielectric constant as well as
piezo- and triboelectric properties, has been found, but the relationship between them is highly
complex. These changes have been observed by a number of methods from structural, chemical and
electrical points of view. Results of these methods have been documented to create a basis for further
research and experimentation on the usability of this combined material in more complex structures
and devices.
Keywords: polyvinylidene fluoride; graphite; scanning electron microscopy; X-ray diffraction; Raman
spectroscopy; Fourier-transform infrared spectroscopy; triboelectric effect
1. Introduction
Polymers are very topical materials useful in a great number of scientific fields. They are sought
after for their excellent properties, namely high chemical stability and biocompatibility [1]. One of the
more interesting materials that has gained a lot of popularity amongst scientists in the last couple of
years, is polyvinylidene fluoride (PVDF). The great properties of this polymer, like low reactivity and
high degree of thermoplasticity, as well as low cytotoxicity or chemical reactivity [2], have secured it
a place in many areas, like semiconductors, biology, or chemistry. PVDF, though it can be difficult
to manufacture and prepare, has a great potential for application in many areas of science and life.
Preparation of PVDF requires a specialized approach, because preparation methods used for other
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polymers are not capable of producing homogeneous and usable products [3,4]. To create a PVDF fiber,
methods like spin coating or electrospinning, are used to manufacture fibers with stable and repeatable
results. Electrospinning specifically has been used in the case of this paper, as it allows for control over
fiber diameter, inclusions, and crystalline phase to a certain extent [5].
Polyvinylidene fluoride has seen almost immediate use and a great deal of modification, further
improving on its properties. By creating nanocomposites of the PVDF films with other materials, it is
possible to increase their performance in difficult environments and to preserve and enhance their
functional abilities as sensors and actuators [6,7]. Among the most popular materials for combination
with PVDF is carbon. There are many papers focusing on the creation of hybrid composite films from
PVDF and carbon [8], to use with carbon quantum dots for creation of films [9], or to use carbon with
PVDF to improve its piezoelectric properties [10,11]. The focus of this paper is, however, not on films,
but rather on PVDF fibers, and their combination with carbon. Research has been conducted into
enhancing PVDF in both fiber and film form with carbon nanofibers already, [12,13], and even on
carbonization of the PVDF fiber itself [14]. Graphene nanoparticles are among the inclusions for PVDF
as well [15]. In this paper, we have decided to focus on carbon as well, but to use a much simpler and
cheaper method in comparison to nanoparticles. Graphite flakes, a highly accessible and cheap material,
are introduced into the fibers during their creation, which incorporates them into the fiber structure
and changes their properties as well. To properly understand all the changes this incorporation of
graphite flakes causes in PVDF, the pure original materials and their combination have been subjected
to several measurements, namely scanning electron microscopy (SEM) to capture the topography,
Raman spectroscopy, X-ray diffraction measurement (XRD), X-ray photoelectron spectroscopy (XPS),
and Fourier-transform infrared spectroscopy (FTIR) to describe the properties and their changes on
chemical level, and permittivity measurement to observe the electrical properties. The overarching
reason for these experiments is that there are several benefits to changing the concentration of phases.
α phase has higher dielectric constant and can therefore be used, where high energy storage properties
are required. When combined with a relatively high breakdown voltage of the polymer, controlling
the dielectric constant can be of great interest. β phase, on the other hand, lowers the dielectric
constant, but introduces piezoelectric activity into the material and modifies triboelectric properties,
which can then be used for energy harvesting or storage related purposes [16]. The ability to dictate
the concentration of crystalline phases and dielectric and piezoelectric properties linked to them is
very important for the maximalization of potential usefulness of the material. The novelty of this work
is in the use of low-cost carbon materials and description of structure and properties in dependence on
the powder concentration. We show that the incorporation of carbon powder as a filler into PVDF,
even without functionalization and surface activation of the powder, allows for the control of properties
of the resulting composite. This work contributes to the study of the formation of complex polymer
systems and its modifications.
2. Materials and Methods
The main material in question is PVDF (Mw = 275.000 g/mol, Sigma Aldrich, Munich, Germany),
more specifically, PVDF fibers. These fibers were manufactured by the method of electrospinning
from 15 wt% PVDF solution in dimethylsulfoxide-aceton blend in volume ratio of 7/3 under a constant
voltage of 50 kV, creating a fiber mat with the thickness of around 25 µm. The PVDF, or graphite doped
PVDF solutions, were electrospun using 4-spin electrospinning equipment (Contipro, Dolní Dobrouč,
Czech Republic) at a feeding rate of 20 µl.min−1 through a needle with an inner diameter of 1.067 mm
(17 G) on a rotation collector covered by aluminum foil at a speed of 2000 rpm for 30 min. The distance
between the needle tip and the collector was 20 cm. The fibers were collected in the form of non-woven
mats, which were dried at laboratory temperature overnight. The whole process yielded resulting
fibers with the width of 195.2 nm. In the case of enriched fibers, the 1% wt of graphite flakes were added
into the polymer solution and the electrospinning process was performed with the same properties as
with the pure PVDF solution.
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Graphite powder is of the D50 grade with size of the particles of 3.5 µm. The powder was
purchased from GK Graphite and the parameters were taken from their documentation. This material
is widely accessible and is the same grade used for manufacture of pencil lead.
Raman spectroscopy was performed using WITec alpha300 R device (WITec, Ulm, Germany).
Excitation wavelength for the experiments was set at 532 nm. Power of the laser used for excitation of
the samples was 0.5 mW for the graphite flakes and PVDF fibers with the flakes, whereas for PVDF
fibers without the flakes the power had to be increased to 1 mW to obtain a viable signal to noise ratio.
The resulting signal was reconstructed from 50 accumulations with the integration time of 20 s.
SEM images were captured by a high-resolution scanning electron microscope FEI Verios 460 L
(FEI, Brno, Czech Republic). To allow the use of SEM and improve the quality of obtained images,
samples of pure PVDF and those with graphite flakes were covered with a 15 nm thick carbon film to
improve their conductivity. The coating was done by carbon thread evaporator Leica EM ACE600.
Carbon was used because of its accessibility and to prevent artefacts in the image due to conglomeration
of golden particles during coating. Voltage of the electron beam was kept at 5 kV during the whole
process, whereas the current was adjusted according to circumstances to receive the best images
possible. In addition to the “through-lens detector” (TLD), charge neutralization mode (CN) had to be
used as well for some samples, where charging of the edges was an issue.
XPS spectra were taken by AXIS Supra X-ray photoelectron spectrometer (Kratos Analytical,
Manchester, UK). Emission current used to capture the resulting information was set at 15 mA. During
the process, resolution 20 was utilized to for the measurement of wide spectra, and 80 for the element
spectra. Final fitting of the spectra was performed using CasaXPS software.
FTIR measurement was taken in transmission mode (Bruker, Billerica, MA, USA), with resolution
of 1 cm−1, over 512 iterations.
XRD analysis was done using X-ray powder diffractometer Rigaku SmartLab 3 kW (Rigaku
Corporation, Tokyo, Japan) in Bragg-Brentano configuration was performed. Diffraction patterns were
measured from 10◦ to 50◦ (2θ) with Cu Kα radiation.
Dielectric measurement was performed with Novocontrol Alpha Analyzer (Novocontrol
Technologies, Montabaur, Germany) in the range between 1 Hz and 100,000 Hz in room temperature
for the acquisition of basic information about dielectric properties, mainly permittivity of the material.
Triboelectric energy performance of the proposed materials was evaluated by electrometer 6517b
(Keithley, Solon, Ohio, USA). The triboelectric generator was assembled in vertical contact-separation
mode. Moving part consisting of Cu electrode was controlled by vibration test system TV 50,018
(Tira, Schalkau, Germany). Sample was clamped on a fixed Cu electrode. The area of the active part of
the generator was 30 × 30 mm. Mechanical force was measured by sensor 208C01 (PCB Piezotronics,
Huckelhoven, Germany) and this sensor was situated on the side of fixed electrode. Displacement
between electrodes was measured via interferometer ILD 1402-10 (Micro Epsilon, Ortenburg, Germany).
All of the methods described above, except for temperature dependent ones, were taken in
room temperature.
3. Results and Discussion
To get a basic idea about the structural composition of the explored materials, SEM measurement
was conducted on the three stages of the samples: pure PVDF, carbon flakes, and PVDF fibers with
carbon flakes (Figure 1). Since the manufacturing process of PVDF fibers allows for the introduction
of other materials into the source solution, the carbon flakes are incorporated into the structure of
the fibers and thus become a part of it. Not only does this mean, that the flakes cannot be extracted
from the composite by basic mechanical perturbations, like shaking or twisting of the fiber, but also
that the structure of the polymer had to adapt and engulf the flakes. This can be best seen in detail
in Figure 1b,d,f, depicting a focused detail of a single PVDF fiber, a carbon flake, and the resulting
incorporated flake into the fiber, respectively.
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Figure 1. Pure PVDF Fibers, wide (a), and detail (b). Graphite flakes, wide (c) and detail (d) PVDF 
fibers with graphite flakes, wide (e) and detail (f). 
The samples were subjected to XPS measurement. Figure 2a–c show the wide spectra of pure 
carbon flakes, pure PVDF and PVDF combined with carbon flakes, respectively. In the combined 
material (Figure 2c) the proportional content of carbon is slightly higher, which is to be expected from 
the addition of carbon flakes. In the pure carbon spectrum (Figure 2a), it is possible to spot a peak 
belonging to oxygen, likely caused by oxidization of the surface or residual adsorbed moisture. 
Figure 1. Pure PVDF Fibers, wide (a), and detail (b). Graphite flakes, wide (c) and detail (d) PVDF
fibers with graphite flakes, wide (e) and detail (f).
The samples were subjected to XPS measurement. Figure 2a–c show the wide spectra of pure
carbon flakes, pure PVDF and PVDF combined with carbon flakes, respectively. In the combined
material (Figure 2c) the proportional content of carbon is slightly higher, which is to be expected from
the addition of carbon flakes. In the pure carbon spectrum (Figure 2a), it is possible to spot a peak
belonging to oxygen, likely caused by oxidization of the surface or residual adsorbed moisture.
From the XPS measurement it can be seen that the XPS spectrum of pure graphite flakes (Figure 3a)
is very much like it can be expected [17,18]. The C–C peak at 285 eV is a staple of graphite, for nano size
or bigger as well. This presence can be seen altering the dominant C–O/CH2 peak of PVDF (Figure 3c),
making it wider, and taking over from the C–O peak at 287 eV (Figure 3b). This is the most visible
change in the XPS spectrum from the point of view of C1 peaks.
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From the XPS measurement it can be seen that the XPS spectrum of pure graphite flakes (Figure 
3a) is very much like it can be expected [17,18]. The C–C peak at 285 eV is a staple of graphite, for 
nano size or bigger as well. This presence can be seen altering the dominant C–O/CH2 peak of PVDF 
(Figure 3c), making it wider, and taking over from the C–O peak at 287 eV (Figure 3b). This is the 
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Polymers 2020, 12, x FOR PEER REVIEW 6 of 16 
 
 
Figure 3. C1 XPS spectra: Graphite (a), PVDF (b) and PVDF with Graphite (c). 
The greatest inconsistencies can be seen in the O1 spectra. The easily recognizable C=O bond at 
529 eV is carried over from the pure graphite (Figure 4a) into the PVDF graphite combination (Figure 
4c). The magnitude of C–OH peaks was reduced in the combined material, and the C–O increased, 
when compared to the pure PVDF sample (Figure 4b) [19]. The somewhat unexpected part here is 
the presence of peaks in graphite at around 527 eV, and 535 eV in pure PVDF. These are rather 
uncommon, and after an extensive search they have been identified as absorbed oxygen [20] and 
adsorbed water [21], respectively. Their presence is virtually eliminated in the combined material, 
supporting this opinion. 
  
 
Figure 3. C1 XPS spectra: Graphite (a), PVDF (b) and PVDF with Graphite (c).
Polymers 2020, 12, 2766 6 of 15
The greatest inconsistencies can be seen in the O1 spectra. The easily recognizable C=O bond
at 529 eV is carried over from the pure graphite (Figure 4a) into the PVDF graphite combination
(Figure 4c). The magnitude of C–OH peaks was reduced in the combined material, and the C–O
increased, when compared to the pure PVDF sample (Figure 4b) [19]. The somewhat unexpected
part here is the presence of peaks in graphite at around 527 eV, and 535 eV in pure PVDF. These are
rather uncommon, and after an extensive search they have been identified as absorbed oxygen [20]
and adsorbed water [21], respectively. Their presence is virtually eliminated in the combined material,
supporting this opinion.
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Figure 4. O1 XPS spectra: Graphite (a), PVDF (b) and PVDF with Graphite (c).
The F1 spectra show a change in the dynamic of covalent and semi-ionic bonds after the
introduction of graphite. In pure PVDF (Figure 5a), the more prevalent of these two are the semi-ionic
bonds, whereas in the combined material, the ratio shifts in the favor of covalent bonds (Figure 5b) [22].
Figure 6 shows the wide Raman spectra taken from pure carbon, pure PVDF, and combined
material from locations of a fiber and of a flake. D-band at 1341 cm−1 is activated by the presence of
disorder in graphite and is clearly visible in pure carbon and combined material taken at the place of
a graphite flake. The most prominent peak in the spectrum is located at 1580 cm−1 in carbon and at
graphite flake location of PVDF with carbon and belongs to a G band representing in-plane vibrations
of C–C bond [23]. Smaller peaks from 2500 to 2850 belong to the 2D group [24], and the last peak
belonging to carbon at 3260 cm−1 belongs to a G + D’-combined band [25]. Band located around
794 cm−1 is attributed to CH2 rocking, associated with both α and β phases of PVDF, whereas the band
at around 2974 cm−1 is assigned to CH2 symmetric stretching, associated with β phase [26]. Both these
bands are, as expected, present only in material containing PVDF.
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Figure 6. Raman wide spectra.
In the focused Raman spectrum (Figure 7) there are peaks commonly associated with vibration of
CH2 and CF2, corresponding with α and β phases of PVDF [27]. The signal gained from pure carbon
in this spectral range is virtually non-existent, which in itself is advantageous for this purpose, since it
does not add any interference to the information about phases of PVDF. When the locations of phase
peaks are compared to one another, the α phase peak in pure PVDF material is much more pronounced
than in PVDF with carbon flakes. In the combined material, the ratio of α and β phases appears to
change even more in the favor of β phase in comparison to pure PVDF. This would mean that the
incorporation of carbon flakes into PVDF fibers created by electrospinning increases the concentration
of β phase above the initial amount granted by the method itself.
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Figure 7. Ra an spectra focused on locations of phases.
Samples of pure PVDF and PVDF with graphite flakes were subjected to FTIR measurement as
well. Reason for this was mainly to compare the concentration of different phases. In Figure 8, it can
be seen that, at the first glance, the absorption spectra are almost identical. Locations of virtually all of
the peaks remain the same, and their sizes are comparable as well, with a couple of exceptions.
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There is a very small and flat peak at 763 cm−1, a signed to α phase, but the differences in size
correspond with the concentration of this phase in all of the samples. Peak at 840 cm−1 is significantly
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larger as it represents β phase, as do the peaks at 1431 cm−1 and 1276 cm−1, being characteristic for this
crystalline phase. Peak at 1074 cm−1 represents mostly the β phase, but references to other phases can
be found around this location as well, making the analysis more complicated. From the characteristic
peaks there is also 1233 cm−1, exclusive for the γ phase. 1187 cm−1 is assigned to the combination of β
and γ, and the large peaks at 885 cm−1 and 1401 cm−1 represent the combination of all three phases [28].
Numerical values of concentrations of crystalline phases for each measured content of carbon powder
can be seen in Table 1.
Table 1. Percentage concentration of phases and measured relative permittivity at 1 kHz of pure PVDF
and varying content of carbon powder.
















4.025 1.029 9.538 1.187
Relative
permittivity εr
3.986 1.970 7.998 4.714
Standard
deviation of εr
0.201 0.087 1.028 0.935
The large similarity between presence and locations of the peaks would mean that, since the
graphite flakes are not simply scattered on the top of the fibers, but are integrated inside of the material,
as was show in Figure 1e,f, the presence of the flakes influences the ratio of crystalline phases on
the level of chemical structures. A small peak of α phase can be seen in Figure 8 for pure PVDF,
but disappears almost completely in PVDF with carbon flakes, which corresponds with the relative
ratio calculation from the absorbance measurements. The increase of γ phase, that is present in the
calculations, is however overshadowed by the peak of β phase in Figure 8, as their absorbances share
a very close proximity [29]. An effect on the concentration of β phase has been observed by other
authors [30] with other materials, like cellulose and carbon nanotubes. In the case of graphite flakes,
the large surface area of the graphite acts as a site for heterogeneous nucleation of PVDF during
the electrospinning process, which allows the β phase, a crystalline phase more demanding on the
conditions of electrospinning process and more prone to destabilization during formation, to crystallize
without the increased stress on material caused by uneven and small surfaces [31].
XRD measurement was performed on samples of pure PVDF and PVDF with graphite flakes.
The very first clearly visible thing from the resulting spectra (Figure 9a) is the dominance of carbon
peak at around 27◦, which overshadows every other peak by far. This is, however, to be expected,
as the peak is present only in the material with the carbon flakes and as such serves more as a check for
the presence of graphite. More interesting peaks are to be found at around 18◦ and 21◦ (Figure 9b),
as they belong to α phase and β phase respectively [28]. As with the other measurement methods
mentioned here, this result also supports the fact that the ratio of crystalline phases can change by a
large amount the PVDF material enriched with carbon flakes in comparison to the pure PVDF.
Polymers 2020, 12, 2766 10 of 15Polymers 2020, 12, x FOR PEER REVIEW 11 of 16 
 
  
Figure 9. XRD wide spectra (a) and focused (b). 
Dielectric properties of the samples were also measured to get a better idea about the overall 
behavior of electrical properties. In the case of PVDF polymer, dielectric properties are influenced by 
the crystalline phase of the material, its orientation and temperature [32–34]. Table 1 shows the 
relation between crystalline phases and measured relative permittivity at 1 kHz. The standard 
deviation of all the phase concentrations is 5%, corresponding with the claim from the manufacturer 
of the electrospinning device. From the numbers acquired it is clear, that the dependency between 
these values is not simple. Because the permittivity was measured under constant temperature, we 
can disregard its influence on the results in Table 1. We are, then, left with values that, at the first 
glance, do not have any correlation to one another. Relative permittivity is not directly dependent 
solely on one of the phases, but rather on all three combined. The greatest upset in the expected values 
is presented in the material with 1.0 wt% carbon powder content, and its abnormally high 
concentration of γ phase. This is one of the main influences on the large value of relative permittivity, 
though not the only one. All three crystalline phases together influence the resulting measured 
permittivity values in some manner. In addition to the crystallinity, there were also other, better 
documented influences on the dielectric constant, working against the influence of graphite flakes in 
the material, such as presence of defects or irregularities in the sample, which tend to cause a higher 
mobility of dipole moments and the growth of dielectric constant [35]. 
During the piezoelectricity measurements, however, we have found out, that, while the 
concentrations of the phases did indeed change, and while concentrations of phases have a well-
documented effect on piezoelectric capabilities of PVDF film, we were unable to measure any 
reasonable piezoelectric response. This is likely because the fibers are not strictly oriented, and any 
possible piezoelectric effect it can have will cancel itself out with fibers going in all directions, even 
though in PVDF films the crystalline phases are directly linked to its piezoelectric behavior [36]. In 
addition, within the fiber, the molecular chains are not strictly oriented either, enhancing this 
problem further. For this reason, we have chosen to perform triboelectric measurements instead, as 
they were capable of yielding possible useful data. 
Triboelectric generator was assembled in vertical contact-separation mode as was mentioned 
above in section materials and methods. Fixed electrode was made up of a PVDF sample clamped on 
the side. Active bottom electrode was controlled by a shaker to facilitate the pressure changes in the 
measurement. Both electrodes were electrically connected by resistor representing load resistance. 
AC voltage was measured on the load resistance and corresponding DC value was established by 
root mean square (RMS), as is done by many authors [37–40]. Output RMS voltage of the triboelectric 
generator was measured for different values of load. We have decided to measure the power from 
RMS voltage, without the use of any type of rectification from AC to DC. Then, the output power is 
not influenced by the type of rectification and the type of diodes, and raw power from material is 
captured. Maximal average power was evaluated for optimal value of load connected to triboelectric 
nanogenerator. It is necessary to note that the output power of the generator is strongly influenced 
Figure 9. XRD wide spectra (a) and focused (b).
Dielectric properties of the samples were also measured to get a better idea about the overall
behavior of electrical properties. In the case of PVDF polymer, dielectric properties are influenced by
the crystalline phase of the material, its orientation and temperature [32–34]. Table 1 shows the relation
between crystalline phases and measured relative permittivity at 1 kHz. The standard deviation
of all the phase concentrations is 5%, corresponding with the claim from the manufacturer of the
electrospinning device. From the numbers acquired it is clear, that the dependency between these
values is not simple. Because the permittivity was measured under constant temperature, we can
disregard its influence on the results in Table 1. We are, then, left with values that, at the first glance, do
not have any correlation to one another. Relative permittivity is not directly dependent solely on one
of the phases, but rather on all three combined. The greatest upset in the expected values is presented
in the material with 1.0 wt% carbon powder content, and its abnormally high concentration of γ phase.
This is one of the main influences on the large value of relative permittivity, though not the only one.
All three crystalline phases together influence the resulting measured permittivity values in some
manner. In addition to the crystallinity, there were also other, better documented influences on the
dielectric constant, working against the influence of graphite flakes in the material, such as presence of
defects or irregularities in the sample, which tend to cause a higher mobility of dipole moments and
the growth of dielectric constant [35].
During the piezoelectricity measurements, however, we have found out, that, while the
concentrations of the phases did indeed change, and while concentrations of phases have a
well-documented effect on piezoelectric capabilities of PVDF film, we were unable to measure
any reasonable piezoelectric response. This is likely because the fibers are not strictly oriented,
and any possible piezoelectric effect it can have will cancel itself out with fibers going in all directions,
even though in PVDF films the crystalline phases are directly linked to its piezoelectric behavior [36].
In addition, within the fiber, the molecular chains are not strictly oriented either, enhancing this
problem further. For this reason, we have chosen to perform triboelectric measurements instead,
as they were capable of yielding possible useful data.
Triboelectric generator was assembled in vertical contact-separation mode as was mentioned
above in section materials and methods. Fixed electrode was made up of a PVDF sample clamped
on the side. Active bottom electrode was controlled by a shaker to facilitate the pressure changes in
the measurement. Both electrodes were electrically connected by resistor representing load resistance.
AC voltage was measured on the load resistance and corresponding DC value was established by
root mean square (RMS), as is done by many authors [37–40]. Output RMS voltage of the triboelectric
generator was measured for different values of load. We have decided to measure the power from
RMS voltage, without the use of any type of rectification from AC to DC. Then, the output power is
not influenced by the type of rectification and the type of diodes, and raw power from material is
captured. Maximal average power was evaluated for optimal value of load connected to triboelectric
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nanogenerator. It is necessary to note that the output power of the generator is strongly influenced by
mechanical frequency of operation and mechanical force of the touch of electrodes. We used constant
operation conditions for our triboelectric generator, only the triboelectric fiber material inside was
changed. In this way, it was possible to compare the triboelectric output capability of the materials
and compare them. We used constant frequency of operation of 5 Hz, constant force of the touch of
electrodes of 1 N and constant maximal gap between electrodes was 1.6 mm. Measurement setup
and record of measurement in time can be seen in Figure 10. Force and Displacement represent input
conditions for testing of the materials (upper chart in Figure 10). Force is measured in positive and
negative direction. Force in negative direction appears when the upper (fixed) electrode is released,
and then the own weight of the electrode is measured by the force meter. Red color shows position of
the bottom electrode (active electrode). In Figure 10, we can see that the highest force F = 1 N appears
when the electrodes are maximally pressed. Motion of the active electrode is blocked at this position as
can be seen from the red line in the Figure 10 (upper chart). The lower chart in the Figure 10 shows
electric behavior of the tested sample. The open circuit voltage, short circuit, and charge generated by
the sample during operation can be seen in Figure 10.
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From the measured values (Table 2), it is visible that the average power decreases with the
increased concentration of carbon powder. This seems to be a fairly straightforward dependency, be it
because of the increase of concentration of foreign material to PVDF in the form of carbon powder,
or because of the decrease of β phase concentration with the increased percentage of carbon powder.
Table 2. Relative permittivity and maximum RMS power from triboelectric measurements of the pure
PVDF fibers and those with carbon powder of different concentrations.
Average Power [nW] Standard Deviation ofthe Average Power [nW]
PVDF with 0.5% wt carbon powder 5.5 0.02
PVDF with 1.0% wt carbon powder 4.8 0.04
PVDF with 1.5% wt carbon powder 4.2 0.03
4. Conclusions
Polyvinylidene fluoride fibers enriched by incorporating carbon flakes inside of them during
their weaving display a number of properties differing from pure PVDF material. Results obtained
from an array f tl affected by the fac that it is not a carbon film coating
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described open a new window of opportunity for utilizing polyvinylidene fluoride modified by a
cheap and accessible material.
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draft preparation, P.K. and D.S.; visualization, D.S. and R.D.; supervision, L.G. All authors have read and agreed
to the published version of the manuscript.
Funding: The research described in this paper was financially supported by the Ministry of Education, Youth and
Sports of the Czech Republic under the project CEITEC 2020 [grant number LQ1601], by Internal Grant Agency of
Brno University of Technology [Grant No. FEKT-S-20-6352] and Grant Agency of Czech Republic under project
No. 19-17457S. A part of the work was carried out with the support of CEITEC Nano Research Infrastructure
[grant ID LM2015041, MEYS CR, 2016–2019], CEITEC Brno University of Technology. We also acknowledge the
Czech Academy of Sciences (RVO:68081731) and Technology Agency of Czech Republic (TN01000008).
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.
References
1. McKeen, L.W. Fluoropolymers. In Fatigue and Tribological Properties of Plastics and Elastomers;
Elsevier: Amsterdam, The Netherlands, 2016; pp. 291–315.
2. Kitsara, M.; Blanquer, A.; Murillo, G.; Humblot, V.; De Bragança Vieira, S.; Nogués, C.; Ibáñez, E.;
Esteve, J.; Barrios, L. Permanently hydrophilic, piezoelectric PVDF nanofibrous scaffolds promoting unaided
electromechanical stimulation on osteoblasts. Nanoscale 2019, 11, 8906–8917. [CrossRef] [PubMed]
3. Shaik, H.; Rachith, S.N.; Rudresh, K.J.; Sheik, A.S.; Thulasi Raman, K.H.; Kondaiah, P.; Mohan Rao, G.
Towards β-phase formation probability in spin coated PVDF thin films. J. Polym. Res. 2017, 24, 35. [CrossRef]
4. Cardoso, V.F.; Minas, G.; Lanceros-Méndez, S. Multilayer spin-coating deposition of poly(vinylidene fluoride)
films for controlling thickness and piezoelectric response. Sens. Actuators A Phys. 2013, 192, 76–80. [CrossRef]
5. Castkova, K.; Kastyl, J.; Sobola, D.; Petrus, J.; Stastna, E.; Riha, D.; Tofel, P. Structure–Properties Relationship
of Electrospun PVDF Fibers. Nanomaterials 2020, 10, 1221. [CrossRef]
6. Liu, Y.Z.; Zhang, H.; Yu, J.X.; Huang, Z.Y.; Wang, C.; Sun, Y. Ferroelectric P(VDF-TrFE)/POSS nanocomposite
films: Compatibility, piezoelectricity, energy harvesting performance, and mechanical and atomic oxygen
erosion. RSC Adv. 2020, 10, 17377–17386. [CrossRef]
7. Liu, Y.Z.; Hao, Z.W.; Yu, J.X.; Zhou, X.R.; Lee, P.S.; Sun, Y.; Mu, Z.C.; Zeng, F.L. A high-performance soft
actuator based on a poly(vinylidene fluoride) piezoelectric bimorph. Smart Mater. Struct. 2019, 28, 055011.
[CrossRef]
8. Cai, J.; Hu, N.; Wu, L.; Liu, Y.; Li, Y.; Ning, H.; Liu, X.; Lin, L. Preparing carbon black/graphene/PVDF-HFP
hybrid composite films of high piezoelectricity for energy harvesting technology. Compos. Part A Appl.
Sci. Manuf. 2019, 121, 223–231. [CrossRef]
9. Dong, L.; Xiong, Z.; Liu, X.; Sheng, D.; Zhou, Y.; Yang, Y. Synthesis of carbon quantum dots to fabricate
ultraviolet-shielding poly(vinylidene fluoride) films. J. Appl. Polym. Sci. 2019, 136, 47555. [CrossRef]
10. Wu, L.; Yuan, W.; Hu, N.; Wang, Z.; Chen, C.; Qiu, J.; Ying, J.; Li, Y. Improved piezoelectricity of
PVDF-HFP/carbon black composite films. J. Phys. D. Appl. Phys. 2014, 47, 135302. [CrossRef]
11. Liu, Y.; Huang, Z.; Gao, Y. A Three-Dimensional and Bi-objective Topological Optimization Approach Based
on Piezoelectric Energy Harvester. Appl. Sci. 2020, 10, 6772. [CrossRef]
12. Lee, S. Carbon nanofiber/poly(vinylidene fluoride-hexafluoro propylene) composite films: The crystal
structure and thermal properties with various drawing temperatures. Fibers Polym. 2013, 14, 441–446.
[CrossRef]
13. Tran, M.Q.; Ho, K.K.C.; Kalinka, G.; Shaffer, M.S.P.; Bismarck, A. Carbon fibre reinforced poly(vinylidene
fluoride): Impact of matrix modification on fibre/polymer adhesion. Compos. Sci. Technol. 2008, 68, 1766–1776.
[CrossRef]
14. Yang, Y.; Centrone, A.; Chen, L.; Simeon, F.; Alan Hatton, T.; Rutledge, G.C. Highly porous electrospun
polyvinylidene fluoride (PVDF)-based carbon fiber. Carbon 2011, 49, 3395–3403. [CrossRef]
15. Elashmawi, I.S.; Alatawi, N.S.; Elsayed, N.H. Preparation and characterization of polymer nanocomposites
based on PVDF/PVC doped with graphene nanoparticles. Results Phys. 2017, 7, 636–640. [CrossRef]
Polymers 2020, 12, 2766 14 of 15
16. Thomas, P.; Satapathy, S.; Dwarakanath, K.; Varma, K.B.R. Dielectric properties of poly(vinylidene
fluoride)/CaCu3Ti4O12 nanocrystal composite thick films. Express Polym. Lett. 2010, 4, 632–643. [CrossRef]
17. Rao, K.S.; Senthilnathan, J.; Liu, Y.-F.; Yoshimura, M. Role of Peroxide Ions in Formation of Graphene
Nanosheets by Electrochemical Exfoliation of Graphite. Sci. Rep. 2015, 4, 4237. [CrossRef] [PubMed]
18. Barlow, A.J.; Popescu, S.; Artyushkova, K.; Scott, O.; Sano, N.; Hedley, J.; Cumpson, P.J. Chemically specific
identification of carbon in XPS imaging using Multivariate Auger Feature Imaging (MAFI). Carbon 2016, 107,
190–197. [CrossRef]
19. Militello, M.C.; Gaarenstroom, S.W. Graphite-Filled Poly(vinylidene fluoride) (PVdF) by XPS. Surf. Sci.
Spectra 1999, 6, 141–145. [CrossRef]
20. Armelao, L.; Barreca, D.; Bottaro, G.; Gross, S.; Gasparotto, A.; Maragno, C.; Tondello, E.; Zattin, A.
Introduction to XPS Studies of Metal and Metal-oxide Nanosystems. Surf. Sci. Spectra 2003, 10, 137–142.
[CrossRef]
21. Knipe, S.W.; Mycroft, J.R.; Pratt, A.R.; Nesbitt, H.W.; Bancroff, G.M. X-ray photoelectron spectroscopic study
of water adsorption on iron sulphide minerals. Geochim. Cosmochim. Acta 1995, 59, 1079–1090. [CrossRef]
22. Bhunia, R.; Ghosh, D.; Ghosh, B.; Hussain, S.; Bhar, R.; Pal, A. Free-standing flexible
nanocrystalline-ZnO-impregnated polyvinylidene fluoride composite thin films. J. Compos. Mater. 2015, 49,
3089–3101. [CrossRef]
23. Bokobza, L.; Bruneel, J.-L.; Couzi, M. Raman spectroscopy as a tool for the analysis of carbon-based materials
(highly oriented pyrolitic graphite, multilayer graphene and multiwall carbon nanotubes) and of some of
their elastomeric composites. Vib. Spectrosc. 2014, 74, 57–63. [CrossRef]
24. Peña-Álvarez, M.; del Corro, E.; Langa, F.; Baonza, V.G.; Taravillo, M. Morphological changes in carbon
nanohorns under stress: A combined Raman spectroscopy and TEM study. RSC Adv. 2016, 6, 49543–49550.
[CrossRef]
25. Martins Ferreira, E.H.; Moutinho, M.V.O.; Stavale, F.; Lucchese, M.M.; Capaz, R.B.; Achete, C.A.; Jorio, A.
Evolution of the Raman spectra from single-, few-, and many-layer graphene with increasing disorder.
Phys. Rev. B 2010, 82, 125429. [CrossRef]
26. Constantino, C.J.L.; Job, A.E.; Simoes, R.D.; Giacometti, J.A.; Zucolotto, V.; Oliveira, O.N.; Gozzi, G.;
Chinaglia, D.L. The Investigation of alpha −→ beta Phase Transition In Poly(Vinylidene Fluoride) (PVDF).
In Proceedings of the IEEE 2005 12th International Symposium on Electrets, Salvador, Bahia, Brazil,
11–14 September 2005; pp. 178–181.
27. Elashmawi, I.S.; Gaabour, L.H. Raman, morphology and electrical behavior of nanocomposites based on
PEO/PVDF with multi-walled carbon nanotubes. Results Phys. 2015, 5, 105–110. [CrossRef]
28. Cai, X.; Lei, T.; Sun, D.; Lin, L. A critical analysis of the α, β and γ phases in poly(vinylidene fluoride) using
FTIR. RSC Adv. 2017, 7, 15382–15389. [CrossRef]
29. Constantino, C.J.L.; Job, A.E.; Simões, R.D.; Giacometti, J.A.; Zucolotto, V.; Oliveira, O.N.; Gozzi, G.;
Chinaglia, D.L. Phase Transition in Poly(Vinylidene Fluoride) Investigated with Micro-Raman Spectroscopy.
Appl. Spectrosc. 2005, 59, 275–279. [CrossRef]
30. Bodkhe, S.; Rajesh, P.S.M.; Kamle, S.; Verma, V. Beta-phase enhancement in polyvinylidene fluoride through
filler addition: Comparing cellulose with carbon nanotubes and clay. J. Polym. Res. 2014, 21, 434. [CrossRef]
31. Kabir, E.; Khatun, M.; Nasrin, L.; Raihan, M.J.; Rahman, M. Pure β-phase formation in polyvinylidene
fluoride (PVDF)-carbon nanotube composites. J. Phys. D. Appl. Phys. 2017, 50, 163002. [CrossRef]
32. da Silva, A.B.; Wisniewski, C.; Esteves, J.V.A.; Gregorio, R. Effect of drawing on the dielectric properties and
polarization of pressed solution cast β-PVDF films. J. Mater. Sci. 2010, 45, 4206–4215. [CrossRef]
33. Xia, W.; Zhang, Z. PVDF-based dielectric polymers and their applications in electronic materials.
IET Nanodielectrics 2018, 1, 17–31. [CrossRef]
34. Gregorio, R.J.; Ueno, E.M. Effect of crystalline phase, orientation and temperature on the dielectric properties
of poly (vinylidene fluoride) (PVDF). J. Mater. Sci. 1999, 34, 4489–4500. [CrossRef]
35. Li, J.; Meng, Q.; Li, W.; Zhang, Z. Influence of crystalline properties on the dielectric and energy storage
properties of poly(vinylidene fluoride). J. Appl. Polym. Sci. 2011, 122, 1659–1668. [CrossRef]
36. Gomes, J.; Serrado Nunes, J.; Sencadas, V.; Lanceros-Mendez, S. Influence of the β-phase content and degree
of crystallinity on the piezo- and ferroelectric properties of poly(vinylidene fluoride). Smart Mater. Struct.
2010, 19, 065010. [CrossRef]
Polymers 2020, 12, 2766 15 of 15
37. Zhang, L.; Meng, B.; Xia, Y.; Deng, Z.; Dai, H.; Hagedorn, P.; Peng, Z.; Wang, L. Galloping triboelectric
nanogenerator for energy harvesting under low wind speed. Nano Energy 2020, 70, 104477. [CrossRef]
38. Sun, W.; Ding, Z.; Qin, Z.; Chu, F.; Han, Q. Wind energy harvesting based on fluttering double-flag type
triboelectric nanogenerators. Nano Energy 2020, 70, 104526. [CrossRef]
39. Heo, D.; Chung, J.; Kim, B.; Yong, H.; Shin, G.; Cho, J.-W.; Kim, D.; Lee, S. Triboelectric speed bump as a
self-powered automobile warning and velocity sensor. Nano Energy 2020, 72, 104719. [CrossRef]
40. Ibrahim, A.; Ramini, A.; Towfighian, S. Triboelectric energy harvester with large bandwidth under harmonic
and random excitations. Energy Rep. 2020, 6, 2490–2502. [CrossRef]
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
